SUMMARY. The effects of coronary artery occlusion and reperfusion at 1 hour (1-hr group), 2 hours (2-hr group), and 3 hours (3-hr group) were compared with a permanently occluded group (P group) on measurements of overall left ventricular and regional endocardial function over a 4-week period. The studies were conducted in conscious dogs 1-2 weeks after recovery from instrumentation with solid state left ventricular pressure gauges, aortic, and left atrial catheters, hydraulic occluders, and Doppler flow transducers on the left anterior descending or left circumflex coronary arteries, and multiple pairs of ultrasonic transducers implanted in the endocardial third of the left ventricular free wall to measure endocardial segment shortening. During coronary artery occlusion, similar effects were observed in the four groups. At 1 hour after coronary artery occlusion, three classes of ischemia-induced dysfunction were observed; dyskinetic (systolic shortening completely lost and replaced by paradoxical bulging), severely hypokinetic (systolic shortening depressed by 65-95%), and moderately hypokinetic (systolic shortening depressed by 40-65%). Compared with the P group, significant (P < 0.05) return of systolic shortening and velocity of shortening gradually occurred over the 4-week period following reperfusion in all classes of segments in the 1-hour group. In the 2-hour group, systolic shortening returned in the moderately and severely hypokinetic segments, but was slight and not significant in the dyskinetic segments. In the 3-hour group, significant systolic shortening returned only in the moderately hypokinetic segments. The effects of isoproterenol, 0.04 /ig/kg per min, and exercise were compared on 'salvaged' dyskinetic segments prior to and at 1, 2, 3, and 4 weeks after coronary artery occlusion and reperfusion. The responses to isoproterenol were significantly depressed at 1 week after reperfusion and gradually recovered over the 4-week period. At 3-4 weeks after reperfusion, severe exercise also increased shortening and velocity of shortening in 'salvaged' segments. Thus, in the conscious dog, coronary artery reperfusion at 1 hour after coronary artery occlusion results in substantial return of endocardial function even in the most severely ischemic myocardium. The 'salvaged' myocardium responds adequately to myocardial stress with increases in the extent and velocity of systolic shortening, as long as 3-4 weeks after reperfusion are allowed for recovery. However, after 3 hours of coronary artery occlusion, little salvage of regional myocardial function can be induced by acute reperfusion in this model. (Circ Res 53: 235-247, 1983) 
SUMMARY. The effects of coronary artery occlusion and reperfusion at 1 hour (1-hr group), 2 hours (2-hr group), and 3 hours (3-hr group) were compared with a permanently occluded group (P group) on measurements of overall left ventricular and regional endocardial function over a 4-week period. The studies were conducted in conscious dogs 1-2 weeks after recovery from instrumentation with solid state left ventricular pressure gauges, aortic, and left atrial catheters, hydraulic occluders, and Doppler flow transducers on the left anterior descending or left circumflex coronary arteries, and multiple pairs of ultrasonic transducers implanted in the endocardial third of the left ventricular free wall to measure endocardial segment shortening. During coronary artery occlusion, similar effects were observed in the four groups. At 1 hour after coronary artery occlusion, three classes of ischemia-induced dysfunction were observed; dyskinetic (systolic shortening completely lost and replaced by paradoxical bulging), severely hypokinetic (systolic shortening depressed by 65-95%), and moderately hypokinetic (systolic shortening depressed by 40-65%). Compared with the P group, significant (P < 0.05) return of systolic shortening and velocity of shortening gradually occurred over the 4-week period following reperfusion in all classes of segments in the 1-hour group. In the 2-hour group, systolic shortening returned in the moderately and severely hypokinetic segments, but was slight and not significant in the dyskinetic segments. In the 3-hour group, significant systolic shortening returned only in the moderately hypokinetic segments. The effects of isoproterenol, 0.04 /ig/kg per min, and exercise were compared on 'salvaged' dyskinetic segments prior to and at 1, 2, 3, and 4 weeks after coronary artery occlusion and reperfusion. The responses to isoproterenol were significantly depressed at 1 week after reperfusion and gradually recovered over the 4-week period. At 3-4 weeks after reperfusion, severe exercise also increased shortening and velocity of shortening in 'salvaged' segments. Thus, in the conscious dog, coronary artery reperfusion at 1 hour after coronary artery occlusion results in substantial return of endocardial function even in the most severely ischemic myocardium. The 'salvaged' myocardium responds adequately to myocardial stress with increases in the extent and velocity of systolic shortening, as long as 3-4 weeks after reperfusion are allowed for recovery. However, after 3 hours of coronary artery occlusion, little salvage of regional myocardial function can be induced by acute reperfusion in this model. (Circ Res 53: 235-247, 1983) IT has been convincingly established in dogs that coronary artery reperfusion after coronary artery occlusion of less than 3 hours can reduce myocardial infarct size Ginks et al., 1972; Mathur et al., 1975; Costantini et al., 1975) and reduce the mortality associated with coronary artery occlusion and myocardial infarction (Baughman et al., 1981) . In fact, procedures designed to reperfuse the ischemic myocardium during the acute phase of myocardial infarction are now utilized clinically (Ganz et al., 1981; Rentrop et al., 1981; Reduto et al., 1981; Mathey et al., 1981; Markis et al., 1981) . Despite this, there is relatively little information available on the extent to which coronary artery reperfusion salvages regional myocardial function. More important, the critical duration of ischemia, after which coronary artery reperfusion no longer induces beneficial effects, needs to be defined precisely.
The primary goal of the present investigation was to determine the extent to which coronary artery reperfusion after 1, 2, and 3 hours of coronary artery occlusion results in salvage of regional endocardial function in myocardial segments with either moderate or severe depression of function. To accomplish this, four groups of conscious dogs were studied; the first with permanent coronary artery occlusion (P group) where salvage of function was not expected, but which served as a control, the second with coronary artery reperfusion after 1 hour of coronary artery occlusion (1-hr group) and the third and fourth with coronary artery repeTfusion after 2 and 3 hours (2-and 3-hour groups) of coronary artery occlusion, respectively. Regional myocardial function was measured prior to and during coronary artery occlusion and reperfusion and then periodically over the subsequent 4-week period. Regional myocardial function was measured in segments where systolic shortening was abolished and replaced by paradoxical systolic bulging during coronary artery occlusion (dyskinetic), and also in segments where regional function was severely depressed, but not absent (severely hypokinetic), or only moderately depressed (moderately hypokinetic), and in nonischemic segments.
The secondary goal of this investigation was to determine whether the 'salvaged* myocardium responded appropriately to cardiovascular stress. To address this issue, studies were conducted in dyskinetic segments 'salvaged* by coronary artery reperfusion, 1 hour after coronary artery occlusion, since the experiments demonstrated that after this period of occlusion (>1 hour) the most severely ischemic segments failed to recover systolic shortening. To quantify the response of 'salvaged' myocardial segments to cardiovascular stress, the effects of isoproterenol were examined weekly after coronary artery reperfusion and compared with responses prior to coronary artery occlusion and reperfusion. To assess the response of the 'salvaged* myocardium to more severe stress, measurements of regional myocardial function were radiotelemetered from dogs running spontaneously in the field, 1 month after coronary artery occlusion and reperfusion.
Methods
Mongrel dogs of either sex weighing between 24 and 32 kg were anesthetized with sodium pentobarbital 30 mg/kg, iv. A left thoracotomy was performed at the level of the 5th intercostal space, and a miniature solid state pressure gauge (Konigsberg Instruments) was implanted into the left ventricular (LV) cavity through an apical stab wound. In 33 dogs, a hydraulic occluder was implanted around the left circumflex coronary artery 2-4 cm from its origin, and a Doppler ultrasonic flow transducer was placed proximally to the ocduder to confirm complete occlusion and reperfusion. In six dogs, the occluder and flow transducer were implanted on the left anterior descending coronary artery, because of the unusually small caliber of the left circumflex artery. Heparin-filled Tygon catheters were also implanted in the aorta and the left atrium. Up to six pairs of miniature ultrasonic crystals were introduced in the endocardial third of the LV free wall parallel to muscle fiber orientation in potentially ischemic segments of myocardium. The two crystals of each pair were generally implanted 1-2 cm apart. The nonischemic segments were located in the central distribution of the nonoccluded coronary artery, whereas the ischemic segments were located in the distribution of the occluded coronary artery. These segments were defined during the experiment after 1 hour of occlusion and were characterized in terms of depression of regional myocardial function; i.e., during coronary artery occlusion, systolic shortening was not depressed in nonischemic segments, was absent or replaced by paradoxical systolic bulging in dyskinetic segments, was severely depressed (65-95% reduction in shortening), but not absent, in severely hypokinetic segments, and was only moderately depressed (40-65% reduction in shortening) in moderately hypokinetic segments.
Aortic and left atrial pressures were sampled through catheters and measured with Statham P23DB strain gauge manometers. LV pressure was measured with the implanted miniature pressure gauge, which was cross-calibrated with measurements of systolic arterial and diastolic left atrial pressures.
Regional myocardial function was measured with an improved ultrasonic transit-time dimension gauge previously described in detail Pagani et al., 1978; Varner, 1980) . This instrument measures the transit time of acoustic signals traveling at a sonic velocity of 1.58 x 10 6 mm/sec between the intramyocardial crystal pairs. The drift of this instrument, although minimal (less than 0.01 mm in 6 hours), was effectively eliminated by repeated calibrations. The radioactive microsphere technique previously described by others (Domenech et al., 1969) and utilized extensively in our laboratory (Millard et al., 1977; Vatner, 1980) was used to evaluate regional endocardial blood flow at the same sites at which function was measured. In this study, 15 ± 1 jnn microspheres were used (3M Co.). Since regional blood flow measurements in the presence of chronic myocardial ischemia and infarction vary in relation to microsphere loss, tissue swelling due to edema and hemorrhage and tissue shrinkage due to scar formation (Capurro et al., 1979; Jugdutt et al., 1979; Reimer and Jennings, 1979b; Murdock and Cobb, 1980) , a correction factor for blood flow in the ischemic myocardium was used. This correction factor was obtained by multiplying the values of blood flow observed in ischemic tissue after the coronary artery occlusion times the ratio of blood flow in the nonischemic segments to blood flow in the ischemic segments before coronary artery occlusion.
Experiments were conducted 1-2 weeks after operation in 39 healthy conscious dogs trained to lie quietly on their right sides, while control recordings of arterial and LV pressures, rate of change of LV pressure (dP/dt), heart rate, segment length, shortening and velocity of segment shortening / and lead II of the EKG were obtained. After the first (control) injection of microspheres, the hydraulic occluder was inflated and cessation of coronary blood flow was confirmed by the Doppler blood flow measurements. Four dogs died within 1 hour of coronary artery occlusion. One hour after complete coronary artery occlusion, a second injection of microspheres was made, while the above-mentioned parameters were monitored continuously. The occlusion was released after this second injection of microspheres in 10 dogs, all of which survived for 4 weeks. The occlusion was released after 2 hours in seven dogs, one of which died in the subsequent 24 hours, while the others survived for the entire 4-week observation period. The occlusion was released after 3 hours in seven dogs, all of which survived for the entire 4-week period. The occlusion was not released in nine dogs; two died within 24 hours and two died between 2 and 3 weeks after coronary artery occlusion, and five survived the entire 4-week observation period. The seven dogs surviving less than 2 weeks were excluded from the analysis. Coronary blood flow was monitored to ensure completion of occlusion and reperfusion. Morphine sulfate, 0.25 mg/ kg, im, was administered to nine dogs showing signs of discomfort after the induction of ischemia. After 4 weeks, the dogs were killed to confirm placement of intramyocardial transducers and to obtain endocardial samples weighing approximately 0.5 g for measurement of regional endocardial blood flow. Samples from 19 dyskinetic segments in the 1-hour group and nine dyskinetic segments in the permanent group were analyzed histologically for necrosis after formalin fixation and staining with hematoxylin and eosin. The shaded area in Figure 1 shows where the samples were taken for histological analysis. The percent of the endocardial cross-sectional area was analyzed for necrosis by projecting a slide demonstrating the histology on a screen and planimetering the area of necrosis.
In eight dogs in which coronary artery reperfusion was carried out after 1 hour of occlusion, the effects of isoproterenol, 0.04 Mg/kg per min for 5 minutes, were examined 1-2 days before coronary artery occlusion and at weekly intervals after coronary artery reperfusion on previously dyskinetic segments which had resumed active systolic shortening to at least 10% of their preocclusion baseline ("salvaged ' segments). In six dogs, 3-4 weeks after coronary artery reperfusion, the effects of severe exercise were also assessed on 'salvaged" myocardial segments. During the exercise protocol, instrumentation necessary for the continuous transmission of LV pressure, and up to three segment length signals was carried by the dog in a backpack. The exercise stress consisted of spontaneous runs behind a mobile recording van over a half-mile course with a 10% grade. The instrumentation and techniques for telemetry of LV pressure and dimension signals have been described in detail previously (Vatner et al., 1972) .
During experiments, signals were stored on a tape recorder and played back on three multichannel directwriting oscillographs, which displayed 22 simultaneous channels of data. Only those ischemic segments demonstrating homogeneous reductions of regional endocardial blood flow at both crystal sites were included in the final analysis. Heterogeneous ischemia was defined as a disparity in blood flow to the myocardium surrounding the two crystal sites ranging from 0.4 to 1.4 ml/min per g. This latter criterion was of critical importance, since segments with heterogeneous ischemia were previously shown to exhibit reductions of function similar to those with homogeneous reduction in regional endocardial blood flow (Cox and Vatner, 1982) . Changes from control and differences among groups were analyzed by the method of two-way analysis of variance (Armitage, 1973) .
Results
Four groups of animals were studied: permanent coronary artery occlusion (P group), reperfusion after 1 hour of coronary artery occlusion (1-hour group), reperfusion after 2 hours of coronary artery occlusion (2-hour group), reperfusion after 3 hours of coronary artery occlusion (3-hour group). Since there were no significant differences in preocclusion baseline values for any of the groups, only changes or percent changes from preocclusion baseline will be discussed. (Table 1) The effects of coronary artery occlusion and reperfusion on heart rate, mean arterial pressure, LV systolic and end-diastolic pressures, and LV dP/dt are summarized in Table 1 . At 1 hour of coronary artery occlusion, there were no significant differences among the four groups, and only heart rate and LV end-diastolic pressure, which increased, were significantly different from pre-coronary artery occlusion baseline. Moreover, there were no differences in hemodynamics in the six dogs with occlusion of the left anterior descending coronary artery, compared with the results of the remaining dogs with left circumflex coronary artery occlusion. Twenty-four hours later, heart rate remained elevated significantly in all groups, but the tachycardia was less marked in the 1-hour group. Moreover, at this time, LV systolic pressure and LV dP/dt were significantly depressed in all groups except for dogs in the 1-hour group. LV end-diastolic pressure remained elevated in all groups at 24 hours. However, at this time, LV end-diastolic pressure could not be evaluated in the 2-hour group due to the prevalence of arrhythmic beats. Arrhythmias were observed in all groups at 24 hours. However, a sufficient number of sinus beats could be obtained for analysis in all groups at this time except in the 2-hour group. At 1-4 weeks, there were no longer significant differences among the four groups, and arrhythmias had disappeared in all groups. Thus, reperfusion at 1 hour, but not at 2 or 3 hours of coronary artery occlusion appeared to exert an early beneficial effect, but in terms of overall LV function, reperfusion exerted no significant long term effects in these experiments.
Overall LV Function

Regional Myocardial Function
Dyskinetic Segments (Table 2) Neither precoronary artery occlusion baseline values nor values during coronary artery occlusion at 1 hour differed among the four groups for end-diastolic segment length, systolic shortening, and ve- Pre-CAO baseline 88 ± 4.7 87 ± 3.5 86 ± 3.3 78 ± 5.6 97 ± 4.9 99 ± 4.2 99 ± 3.9 94 ± 5.5 120 ± 7 123 ± 6 122 ± 5 120 ± 7 7.8 ± 0.9 7.6 ± 0.7 7.7 ± 0.9 7.0 ± 0.7 3433 ± 320 3513 ± 382 3604 ±211 3350 ± 300 1 Hr +23 ± 4.2* +30 ± 5.5* +30 ± 10* +32 ± 5.7* +9 ± 4.5 +7 ±3.3 +12 ± 3.9 -2 ±4.1 +8 ± 6.3 +6 ± 4.7 0±3.7 -7 ±4.2 +3.5 ± 0.4* +2.6 ± 0.3* +4.5 ± 1.2* +2.8 ± 0.6* +12 ± 108 -1 3 6 ± 144 -125 ± 116 -485 ± 170
Changes from pre-CAO baseline at 1 Day +50 ± 8.9* +25 ± 8.4*f +67 ± 5.4*} +46 ± 12*} -10 ±4.6* -7 ± 3.6* -15 ±5.4* -11 ±4.4 -17 ± 7.7* -8 ± 4.9 -23 ± 7.9* -21 ± 6.3* +3.1 ± 1.8* +3.9 ± 1.3* +3.6 ± 2.1* -1135 ±300* -398 ± 314| -1541 ± 218*} -969 ± 252* 1 Wk +16 ± 2.6* +14 ± 4.2* +2 ± 5.8 +15 ±5.7 -2 ± 2.3 -3 ± 4.0 -6 ± 3.3 -5 ± 7.7 -6 ± 4.7 -2 ± 5.6 -4 ± 5.5 -11 ± 6.4* +3.6 ± 1.5* +3.5 ± 0.9* +3.3 ± 0.4* +3.2 ± 0.5* +511 ± 346 +372 ± 171 +241 ± 268 -204 ± 369
4 Wks +25 ± 8.4* +15 ± 6.4* +7 ±9.0 +30 ± 7.1* -7 ±5.2 -6 ± 5.7 -1 ±3.1 -2 ± 1.9 -10 ± 7.8 -5 ± 9.4 -3 ± 2.9 -1 ± 1.9
+3.4 ± 0.8* +4.2 ± 0.8* +4.5 ± 0.7* +3.4 ± 1.8* + 165 ±413 -143 ±311 -8 ± 277 -165 ±383 * Different from pre-CAO baseline, P < 0 05. I Different from Permanent CAO, P < 0.05. j Different from 1-hour CAO, P < 0.05. locity of shortening. In segments defined as dyskinetic, systolic shortening fell by 120 ± 5.4% (P group), by 118 ± 3.8% (1-hour group), by 118 ± 7.9% (2-hour group), and by 119 ± 4.5% (3-hour group), after 1 hour of coronary artery occlusion ( Fig. 2) . At that time, end-diastolic segment length rose in all groups, and velocity of shortening fell similarly in all groups by 100%. One day to 1 week later, systolic shortening and velocity of shortening remained severely reduced and were only significantly less depressed in the 1 -hour group, compared with the other three groups. With permanent coronary artery occlusion, the early paradoxical bulging was gradually replaced by akinesia after 4 weeks. In these segments, no significant systolic shortening returned over the 4-week period (Fig. 3) . In contrast, considerable return of systolic shortening was observed in the 1-hour group. Shortening and velocity of shortening in those dyskinetic segments in the 1 -hour group remained depressed by only 36 ± 7.7% and 39 ± 9.0%, respectively, after 4 weeks (Figs. 3 and 4). After 4 weeks, systolic shortening and velocity of shortening remained severely depressed in the 2-and 3-hour groups (Figs. 4 and 5) . In those groups, the recovery of systolic shortening was not significantly different from that in the P group and was significantly less than that observed in the 1-hour group (Fig. 3) . Whereas substantial systolic shortening returned in the 1-hour group, only a small amount of systolic shortening had returned in the 2-and 3-hour groups. Whereas these values were not different in the 2-and 3-hour groups, the amount of systolic shortening was significantly greater than zero in the 2-hour, but not in the 3-hour group. Thus, a slight return of function was observed in the 2-hour group, but it was not statistically significant.
End-diastolic segment length fell significantly in all groups at 4 weeks after coronary artery occlusion and reperfusion (Fig. 4) , probably due to the retraction of tissue that occurs with scar formation. In severely ischemic segments, only the reduction in end-diastolic length in the 1-hour group differed statistically from that observed in the P group. ' Different from pre-CAO baseline, P < 0.05. t Different from permanent CAO, P < 0.05 X Different from 1-Hour CAO, P < 0.05.
Severely Hypokinetic Segments (Table 3)
Neither precoronary artery occlusion baseline values nor values during coronary artery occlusion at 1 hour differed among the four groups for end-diastolic segment length, systolic shortening, and velocity of shortening (Fig. 2) . In segments defined as severely hypokinetic, systolic shortening fell by 82 ± 2.7% (P group), 81 ± 1.0% (1-hour group), 83 ± 2.9% (2-hour group), and by 80 ± 2.5% (3-hour group) after 1 hour of coronary artery occlusion. At that time, end-diastolic length rose in all groups and velocity of shortening was reduced by 66 ± 4.4% (P group), 67 ± 1.8% (1-hour group), 64 ± 4.2% (2-hour group), and by 60 ± 5.6% (3-hour group). One day later, systolic shortening and velocity of shortening remained depressed in all groups. At this time, the only significant difference among the groups was that the 1-hour group exhibited greater return of systolic shortening and velocity of shortening than either the 3-hour or the P group. After 1 week, systolic shortening remained depressed in the 2-hour, 3-hour, and P groups, while velocity of shortening remained depressed significantly in only the 3-hour and P groups. At this time, both 1-and 2-hour groups were significantly different from the P group. After 4 weeks, systolic shortening and velocity of shortening remained depressed by similar amounts in the 3-hour and P groups, i.e., systolic shortening and velocity of shortening were reduced by 67 ± 5.4% and 52 ± 5.1% in the 3-hour group and by 66 ± 6.8% and 44 ± 5.4% in the P group (Fig. 4) . Whereas, in the 2-hour group, systolic shortening did not return significantly in dyskinetic seg- ments, it did return in severely hypokinetic segments (Fig. 5 ). In the 1-and 2-hour groups, almost complete return of systolic shortening and velocity were observed over the 1-month period following reperfusion in the severely hypokinetic segments (Fig. 6) .
Control
Time after CAO
Moderately Hypokinetic Segments (Table 4) Only two groups were analyzed in detail, the P group and 3-hour group, since regional function returned in the 1-and 2-hour groups in the severely hypokinetic segments. In segments defined as moderately hypokinetic, systolic shortening fell by 54 ± 4.4% in the P group and by 56 ± 2.3% in the 3-hour group after 1 hour of coronary artery occlusion (Fig. 7) . At that time, end-diastolic length rose similarly in both groups, and velocity of shortening was reduced by 53 ± 6.4% in the P group and by 42 ± 7.4% in the 3-hour group. As occurred in the more severely ischemic segments, little recovery of function was observed in the P group. In contrast, in the 3-hour group, systolic shortening and velocity of shortening completely returned by 4 weeks in these moderately hypokinetic segments (Fig. 7) . As noted above, regional function returned in the severely hypokinetic segments for the 1-hour and 2-hour groups. Thus, it was not surprising that regional function returned in the moderately hypokinetic segments in these two groups. Specifically, systolic shortening for moderately hypokinetic segments was depressed by 45± 2.7% and 41 ± 4.8% in the 1-and 2-hour groups, respectively, 1 hour after coronary artery occlusion. At 4 weeks, systolic shortening was 15 ± 5.8% above control in the 1-hour group and was depressed by 11 ± 4.7% (NS) in the 2-hour group.
Nonischemic Zone
Precoronary artery occlusion baseline values for end-diastolic segment length, segment shortening, and velocity of shortening in the nonischemic zone, were neither different among the four groups studied nor different from precoronary artery occlusion baseline values in moderately and severely ischemic segments. One hour after coronary artery occlusion, end-diastolic length was significantly elevated in all groups, but systolic shortening and velocity of shortening were not different from precoronary artery occlusion baseline levels. From 1 day to 4 weeks after coronary artery occlusion and reperfusion, changes remained small in the nonischemic segments. There were neither major changes from precoronary artery occlusion baseline nor major differences among the four groups at 4 weeks after coronary artery occlusion and reperfusion.
Regional Endocardial Blood Flow (Table 5) Corrected and uncorrected measurements of regional endocardial blood flow made after 1 hour of coronary artery occlusion are shown in Table 5 for Wks ± 0.34* ± 0.30t ± 0.25f ± 0.24*| ± 2.6* ± 3.4f ± 2.9| ± 1.8*} * Different from pre-CAO baseline, P < 0.05. t Different from permanent CAO, P < 0.05. j Different from 1-hour CAO, P < 0.05. the four groups of dogs studied. Before coronary artery occlusion, endocardial blood flow averaged 1.27 ± 0.06 ml/min per g. As expected, there was no depression of endocardial blood flow in nonischemic zones, but graded levels of depression were noted from moderately hypokinetic to dyskinetic segments. The uncorrected flow values were consistently higher than the corresponding corrected values. The differences between corrected and uncorrected values for regional blood flow probably reflected the extent of scarring and tissue shrinkage in the different groups, since the differences between corrected and uncorrected values differed most in the P group and least in the 1-hour group.
Regional Histology
Histology confirmed that necrosis was near complete in the endocardium of the permanent group; i.e., the segments analyzed were characterized by an average of 92 ± 5.5% necrosis. In contrast, in the
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FIGURE 6. Time course of systolic shortening in the severely hypokinetic segments in P group (circles), or 1-hour group (triangles), 2-hour group (diamonds), and 3-hour group (squares). Systolic shortening is expressed as percent change from pre-coronary artery occlusion (CAO) baseline. The asterisks represent responses different from those in the permanent CAO group
1-hour group, only 24 ± 2.9% necrosis of the endocardium was observed.
Effects of Cardiovascular Stress on Dyskinetic Segments "Salvaged" by Reperfusion after 1 Hour of Coronary Artery Occlusion
Effects of Isoproterenol (Table 6) Isoproterenol, 0.04 Mg/kg per min, reduced mean arterial pressure by 8 ± 2 from 102 ± 4 mm Hg, and increased heart rate by 44 ± 5 from 87 ± 5 beats/ min, and LV dP/dt by 1354 ± 117 from 3353 ± 347 mm Hg/sec. In those segments destined to become intensely ischemic and then resume function after reperfusion, isoproterenol increased segment shortening by 17 ± 2.6% from 2.33 ± 0.20 mm, and velocity of segment shortening by 35 ± 4.8% from 25 ± 2.3 mm/sec. The same dose of isoproterenol induced significantly depressed responses of heart rate at 1 and 2 weeks after reperfusion, probably due to the elevated baseline. Responses of LV dP/ dt at 1-3 weeks after reperfusion were depressed slightly, but not significantly. The other parameters of global LV function showed essentially normal responses to isoproterenol.
In 'salvaged* segments, isoproterenol induced significantly (P < 0.01) depressed responses of segment shortening (2.5±3.5%)atl week after reperfusion, whereas velocity of segment shortening at 1 (12 ± 2.1%), 2 (27 ± 3.4%), and 3 (23 ± 4.4%) weeks after reperfusion was reduced significantly from the responses prior to coronary artery occlusion. Increases in shortening and velocity of shortening with isoproterenol 4 weeks after reperfusion were no longer significantly different from the control responses; i.e., segment shortening and velocity of shortening rose by 19 ± 6.9% and 35 ± 6.3%, respectively. (Table 7) With severe exercise, heart rate increased by 140 ± 16% from a pre-exercise baseline of 117 ± 4.5 beats/min, LV systolic pressure by 41 ± 8.4% from 155 ± 3.5 mm Hg, LV end-diastolic pressure by 172 ± 11% from 8.9 ± 1.1 mm Hg, and LV dP/dt by 173 ± 29% from 4262 ± 221 mm Hg/sec. These data are summarized in Table 7 . With exercise, segment shortening increased by 46 ± 6.4% from a preexercise control of 2.82 ± 0.69 mm in nonischemic segments and by 55 ± 11% from 1.50 ± 0.22 mm in 'salvaged' segments ( Fig. 8) . Similarly, velocity of shortening increased by 96 ± 10% from a preexercise control of 31.3 ± 6.7 mm/sec in nonischemic segments and by 81 ± 13% from 20.2 ± 3.0 mm/sec in 'salvaged' segments. Although segment shortening and velocity of shortening before coronary artery occlusion were similar in those normal and 'salvaged' myocardial segments, basal shortening and velocity of shortening in 'salvaged' segments were less than in nonischemic segments at 4 weeks due to incomplete recovery of segmental function. However, when examined on a percent change basis, the increases in systolic segment shortening and velocity of shortening were similar in both groups of segments.
Effects of Exercise On "Salvaged" Myocardium
Discussion
Although irreversible cell damage is induced early after coronary artery occlusion, it is generally felt
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FIGURE 7. Time course of systolic shortening in the moderately hypokinetic segments in the 3-hour (squares) and P (circles) groups. Systolic shortening is expressed as percent change from pre-coronary artery occlusion (CAO) baseline. The asterisks represent responses different from the permanent CAO group.
that reperfusion at 1-3 hours after coronary artery occlusion can limit infarct size and promote the salvage of the ischemic myocardium, which would otherwise become necrotic Ginks et al., 1972; Mathur et al., 1975; Costantini et al., 1975) . Previous studies have shown that coronary artery occlusion of less than 20 minutes does not induce myocardial necrosis 0ennings et al. , 1960) , and that occlusions of longer duration are associated with a progressive extension of tissue injury (Jennings et al., 1960; Reimer et al., 1977; Reimer and Jennings, 1979a) . The extent to which coronary artery reperfusion results in salvage of ischemic myocardial function is not established. However, this topic is extremely important, considering that patients frequently undergo coronary artery reperfusion utilizing thrombolytic therapy, which generaUy cannot be instituted as rapidly as 1 hour after coronary artery occlusion.
There were several features of the current investigation that must be kept in mind when comparing the present results with those of other studies. First, the experiments were conducted in otherwise healthy, conscious dogs with normal coronary arteries. Second, occlusion and reperfusion were confirmed by direct measurement of coronary artery blood flow. Third, measurements of regional myocardial function were limited to the endocardium where homogeneous areas of ischemia could be monitored and confirmed by regional blood flow measurement. When the myocardium surrounding two ultrasonic crystals differed markedly in terms of level of flow reduction, these segments were excluded from the analysis, since these segments, although not uniformly ischemic, behave functionally as if they were homogeneously ischemic (Cox and Vatner, 1982) . In the present investigation, 22 of 134 segments were excluded because of heterogeneous perfusion. Fourth, four groups of animals were compared; groups with reperfusion at 1, 2, and 3 hours after coronary artery occlusion were compared not only within group to precoronary artery occlusion baseline values, but also to a control group (P group), where coronary artery reperfusion did not intervene. There were no significant differences among the four groups, insofar as responses of overall LV function were concerned, which suggested that the magnitude of ischemia induced in the four groups was not different. However, there were major differences in response of regional myocardial function.
Four different classes of segments were identified in terms of depression of regional myocardial function at 1 hour of coronary artery occlusion: nonischemic, dyskinetic, and moderately and severely hypokinetic. In dogs with permanent coronary artery occlusion, there was little return of segment shortening or velocity of shortening in any of the above classes of ischemic segments over the 4-week monitoring period. In contrast, coronary artery reperfusion carried out 1 hour after coronary artery occlusion was followed by a substantial amount of recovery of segmental function in the most severely ischemic segments. After 4 weeks of reperfusion, shortening and velocity of shortening in those segments remained depressed by only 36% and 39%, respectively. In segments that were severely hypokinetic during coronary artery occlusion, i.e., exhibited 65-95% depression in systolic shortening, almost complete return of contractile function occurred over the 4-week monitoring period. 10.4 ± 0.7 0.3 ± 0.1* End-systolic segment length (mm) Nonischemic zone 12.5 ± 1.9 -0.9 ± 0.3f Ischemic zone 9.6 ± 0.9 -0.6 ± 0.2f
Segment shortening (mm) Nonischemic zone 2.82 ± 0.69 1.18 ± 0.25* Ischemic zone 1.50 ± 0.22 0.75 ± 0.15* Segment velocity of shortening (mm/sec) Nonischemic zone 31.3 ± 6.7 29.6 ± 6.0* Ischemic zone 20.2 ± 3.0 15.1 ± 2.9* * Significant change from baseline, P < 0.01. f Significant change from baseline, P < 0.05.
The lack of return of function in dyskinetic segments in the P group was associated with extensive endocardial necrosis, i.e., 92% of the area of the histological section demonstrated necrosis. This is consistent with the findings of Rivas et al. (1976) and Reimer et al. (1977 Reimer et al. ( , 1979a . Moreover, we observed significantly less (24%) necrosis in endocardial segments reperfused at 1 hour, which is also consistent with the observations of Reimer et al. (1977 Reimer et al. ( , 1979a and others, demonstrating reduction of infarct size with early reperfusion Ginks et al., 1972; Mathur et al., 1975; Costantiru et al., 1975) .
The recovery of contractile function of the severely ischemic myocardium reperfused after 2 hours of coronary artery occlusion differed from both the P and 1-hour groups. Whereas systolic shortening improved slightly, it did not reach a level significantly different from those observed in the group with permanent coronary artery occlusion for dyskinetic segments. However, there was considerable recovery of contractile function in the severely hypokinetic segments in the 2-hour group, where contractile function was depressed by 65-95% during coronary artery occlusion but was not completely lost. The lack of significant return of segments! function after 2 hours of coronary artery occlusion in the most severely ischemic segments is consistent with the findings of a recent study by Roan et al. (1979) . In that study, the most ischemic myocardium no longer exhibited inotropic reserve after 2 hours of coronary artery occlusion. A still different pattern was observed in the group of dogs in which coronary artery reperfusion was carried out after 3 hours. In these animals, significant regional myocardial function was not salvaged in either the dyskinetic or severely hypokinetic segments, compared with the findings in the P group. However, in moderately hypokinetic segments where regional function was depressed by only 40-65% during coronary artery occlusion, significant return of systolic shortening and velocity of shortening were demonstrated, as compared with moderately hypokinetic segments in dogs with permanent coronary artery occlusion.
Thus, in terms of salvage of endocardial myocardial function by coronary artery reperfusion, the critical time limit appears to occur between 1 and 3 hours. In conscious dogs, reperfusion after 3 hours of coronary artery occlusion accomplishes little for segments with severe depression of function, and salvage of function occurs only in segments where depression of less than 65% of baseline was observed during coronary artery occlusion. Moreover, keeping in mind that reduction in end-diastolic length 4 weeks after coronary artery occlusion reflects the extent of tissue necrosis, the similarity of reductions in end-diastolic length in the P group and 3-hour group is consistent with the conclusion that limited salvage of contractile function can be accomplished with reperfusion after 3 hours of cor-onary artery occlusion. This conclusion is supported also by a recent report from Bush et al. (1982) demonstrating no return of regional wall thickening with coronary artery reperfusion after 4 hours of coronary artery occlusion.
Extrapolations to clinical situations should take into account the fact that the abrupt coronary artery occlusion carried out in these otherwise normal dogs does not simulate the events accompanying coronary obstruction resulting from the progression of a chronic coronary disease, as generally evolves in patients. This may be why our results differ so strikingly from those of Reduto et al. (1981) , showing beneficial results with reperfusion carried out even 18 hours after coronary artery occlusion. On the other hand, it is of interest that, in the guidelines for acute thrombolytic therapy outlined by Ganz et al. (1981) , patients are accepted for this procedure during only the first 3 hours of coronary artery occlusion.
In the present investigation, coronary artery reperfusion after 2 hours of coronary artery occlusion did not result in significant return of systolic shortening in the most severely ischemic segments. These data differ from those reported by Mathur et al (1975) , Costanrini et al. (1975) , Puri (1975) , and Theroux et al. (1976) . All of these prior studies reported substantial return of function in severely ischemic tissue with reperfusion at either 2 or 3 hours after coronary artery occlusion. There are three reasons why the present data differ. First, we monitored blood flow continuously and know that partial reperfusion did not occur after the occluder was inflated. Second, in our most severely ischemic segments, complete loss of shortening had occurred. Third, we analyzed only segments that were demonstrated to be homogeneously ischemic at both crystal sites by measurement of regional blood flow. It is conceivable that some of the segments studied by others were severely depressed, but did not exhibit complete loss of systolic shortening. These segments would have been included in either our moderately or severely hypokinetic classes. It is also quite likely that some of the segments studied by previous investigators exhibited either heterogeneous levels of ischemia or were not measuring function only in endocardial layers. These segments might tend to demonstrate more complete recovery of function, since a major fraction of the tissue where function was measured was not ischemic. Thus, important features of the current investigation, the measurement of blood flow at the crystal sites to determine homogeneous areas of ischemia and separation of segments in terms of depression of regional endocardial shortening / were unique and could well account for the differences observed in this study, compared with prior studies.
We observed considerable return of function in hypokinetic segments in groups with reperfusion at 1 and 2 hours, which is compatible with the findings of Theroux et al. (1976) . Thus, the major conclusion 245 of the present investigation is that the critical duration of ischemia, after which little return of regional endocardial function occurs in the conscious dog model, is between 2 and 3 hours. These conclusions regarding the limited time available for salvage of regional myocardial function are compatible with the pathological studies of Reimer et al. (1977) and Reimer and Jennings (1979a) , who showed that, after 3 hours of coronary artery occlusion, there was 71% transmural necrosis of the myocardium in anesthetized dogs. They also noted that endocardial necrosis was completed even earlier, which would suggest that even less salvage of endocardial function might occur with reperfusion at 1 or 2 hours after occlusion. However, their experiments were conducted in anesthetized animals (Reimer et al., 1977; Reimer and Jennings, 1979a) . In that situation, higher heart rates prior to coronary artery occlusion and the greater hypotension following coronary artery occlusion could act to intensify the ischemia and hasten the necrotic process.
Another interesting finding of the present study is that two types of lateral border zones could be identified in terms of function. One type of border zone consisted of tissue that was heterogeneously ischemic, i.e., crystal pairs comprising myocardium of intense ischemia and relatively normal perfusion (Cox and Varner, 1982) . The other type of border zone was one of homogeneous ischemia, but where function was not completely lost. In these zones, which were moderately and severely hypokinetic, it is important to note that, whereas regional flow and function were depressed by significantly smaller amounts than in most severely ischemic segments, there was still considerable depression of endocardial blood flow of 80 ± 4.6% and 88 ± 2.1%, respectively, and corresponding reduction in systolic shortening of 55 ± 2.9% and 81 ± 1.1%, respectively, at 1 hour of coronary artery occlusion.
We used the measurements of regional myocardial blood flow only as indices of ischemia. Their primary function in the present investigation was to ensure homogeneity of ischemia in the myocardial segments subtended by the ultrasonic crystals. Less confidence should be placed on the absolute levels of blood flow because of the multiple potential sources of error in this measurement. Microsphere loss and tissue edema act to reduce these values artificially (Capurro et al., 1979; Jugdutt et al., 1979; Reimer and Jennings, 1979b; Murdock and Cobb, 1980) , whereas shrinking of tissue with the scarring process has the opposite effect (Reimer and Jennings, 1979b) . These factors were roughly accounted for by the correction process. However, less emphasis should be placed on the accuracy of these measurements, compared with those of regional myocardial function.
The secondary question addressed by the present investigation was whether the ischemic myocardium 'salvaged' by reperfusion, as manifested by resumption of active systolic shortening at rest, would re-spond appropriately to cardiovascular stress or would demonstrate a deterioration in function. The latter occurs in situations of marginal ischemia, e.g., in the presence of coronary stenosis and after ameroid occlusion of a coronary artery (Kumada et al., 1980) . This critical determination was made by measuring the shortening and velocity of shortening of "salvaged* segments in response to isoproterenol infusions and severe exercise. At 1 week after reperfusion, the 'salvaged* myocardial segments had regained a considerable fraction of their preocclusion shortening. There was little further recovery in function of the segments at 2, 3, and 4 weeks after reperfusion. Despite the presence of a substantial recovery of function 1 week after reperfusion, these segments did not respond appropriately to isoproterenol (Table 6 ); responses of both shortening and velocity of segment shortening were significantly depressed when examined as either absolute or percent changes. At 2 and 3 weeks, the responses of velocity of shortening to isoproterenol were still depressed significantly. At 4 weeks, whereas responses of segment shortening and velocity in terms of percent change were normal, the absolute increases were reduced due to incomplete recovery of baseline function in these segments. Global responses to isoproterenol after reperfusion were also essentially normal except for heart rate and LV dP/dt. The reduced tachycardia in response to isoproterenol at 1 and 2 weeks after reperfusion could be attributed in part to the significantly elevated baseline for heart rate. The responses of LV dP/dt to isoproterenol were also depressed at 1-3 weeks after reperfusion, but these differences were not statistically significant. However, it is important to keep in mind that the depressed response of LV dP/dt to isoproterenol corresponded to the time period that responses of velocity in 'salvaged* segments were significantly depressed. Such depression of global inotropic responses to isoproterenol could be accounted for by the coupling between areas of myocardium with depressed function and areas of myocardium where salvage did not occur, i.e., necrosis had taken place.
In order to stress the myocardium more intensely, the effects of severe exercise were examined. These experiments were conducted 3-4 weeks after reperfusion, since the animals were not capable of maximal exercise early after coronary artery occlusion and reperfusion. Severe exercise induced similar increases in segmental shortening and velocity of shortening in 'salvaged* and nonischemic segments when examined on a percent change basis. However, the absolute increases were less in 'salvaged* segments due to incomplete recovery of baseline function in these segments.
The time course of return of normal response of 'salvaged* myocardium to cardiovascular stress did not parallel precisely the return of baseline function in these segments at rest. There was little further improvement in baseline segmental shortening or Circulation Research/Vo/. 53, No. 2, August 1983 velocity of shortening in salvaged segments between 1 and 4 weeks after coronary artery occlusion and reperfusion. However, the responses to isoproterenol were significantly depressed early, but not after 4 weeks of coronary artery reperfusion. Thus, a longer time is required for the 'salvaged' myocardium to respond normally to cardiovascular stresses. The observations are particularly relevant now that coronary artery reperfusion is frequently carried out in patients with acute coronary artery occlusion (Rentrop et al., 1981; Ganz et al., 1981; Markis et al., 1981; Reduto et al., 1981) . Premature examination of the response of 'salvaged* myocardium to stress in patients could underestimate the therapeutic efficacy of the reperfusion procedure.
The mechanism by which normal responses of 'salvaged* myocardium to cardiovascular stress were delayed was not investigated in the present study. We had previously observed that after brief periods (5 and 15 minutes) of coronary artery occlusion, insufficient to induce necrosis, mechanical function remained depressed for a considerable period of time (Heyndrickx et al., 1975) . These observations were subsequently followed by studies demonstrating impairment of purine metabolism for prolonged periods of time after brief periods of coronary artery occlusion (DeBoer et al., 1980) . From these experiments, we might predict that the delayed response to stress observed in the present investigation could be related to insufficient recovery of the biochemical machinery required for energy metabolism. However, other factors related to the healing process must be considered as well. Coronary artery reperfusion at 1 hour after occlusion is almost always associated with hemorrhagic infarction in the conscious dog . This, plus the myocardial edema associated with ischemia and infarction, requires a substantial time to dissipate, as does the time necessary for full fibrotic scar formation to develop. These factors could contribute to disrupt regional contractile function, but are probably not present by 3-4 weeks after infarction, when essentially normal responses to stress were demonstrated in the present investigation.
In summary, coronary artery reperfusion after 1 hour of coronary artery occlusion results in substantial salvage of regional endocardial shortening in all ischemic myocardial segments. After 2 hours of coronary artery occlusion, little salvage of shortening occurs with reperfusion in the most severely ischemic zone. However, functional border zones, which are characterized by shortening which is depressed but not absent during coronary artery occlusion, can be salvaged by coronary artery reperfusion after 2-3 hours of coronary artery occlusion. Furthermore, the myocardium 'salvaged' by coronary artery reperfusion responds appropriately to severe myocardial stress, when examined 1 month after coronary artery occlusion and reperfusion, whereas depressed responses of 'salvaged' segments to isoproterenol were observed before that time.
